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INTRODUCTION

A majority of patients develop maladaptive plastic changes within the central nervous
system following spinal cord injury. These changes result in abnormal regulation of
peripheral inputs, and impaired perception of tactile and painful stimuli. The majority of
these patients suffer because conventional treatment fails to reverse these maladaptive
changes. An alternative and potentially effective modality of treatment—motor cortex
stimulation (MCS)—offers hope for these patients. The goal of the experiments presented
in this annual report is to elucidate the neurobiological basis of reduced pain following
MCS. We propose that MCS reverses hyperalgesia by enhancing the activity in the
GABAergic nucleus zona incerta (ZI), and therefore inhibiting pain processing in the
posterior thalamus (PO).

In the second year of funding, we focused our efforts on completing the experiments in
Task 1 as outlined in the Statement of Work. The experiments were fruitful and the
progress was well within the proposed time line.

Task 1 was to demonstrate that MCS enhances inhibitory inputs from ZI to PO. In this
task we proposed to complete 5 subtasks in the first and second year of funding. As
proposed in the Statement of Work, Tasks la-c were completed and their results were
included in last year’s progress report. In the 2012 report, we include results from Tasks
1d and le. Task 1d was to demonstrate that pharmacologic inactivation of ZI blocks the
effects of MCS on spontaneous and evoked activity of PO neurons; and Task le was to
demonstrate that MCS effects on activity of PO neurons persist after electrolytic lesions
of the cortico-spinal tract. We completed these experiment in the proposed time and Task
1 is now fully completed.



BODY

In this project, we test the overarching hypothesis that MCS alleviates hyperalgesia by
activating the incerto-thalamic pathway. In the first year of funding, after obtaining
approval from the Animal Care and Use Review Office, we demonstrated that MCS
enhances activity in PO-rojecting ZI neurons and suppresses activity in the majority of
PO neurons. These results (Tasks l1a-c in the Statement of Work) were included in last
year’s Progress Report (2010-2011).

We continue to test our hypothesis and use an model of spinal cord injury (SCI) that
recapitulates the clinical characteristics of SCl-pain (Wang and Thompson, 2008; Masri
et al., 2009). In this model, we place unilateral electrolytic lesions in the anterolateral
quadrant of the spinal cord at the level of C6-T2. These lesions result in diffuse, bilateral
mechanical hyperalgesia in the hindpaws approximately 2-3 weeks after injury (see
Detailed Methods). All the experiments described below were performed in animals
with SCI that exhibited frank hyperalgesia.

Task 1d
To demonstrate that pharmacologic inactivation of ZI blocks the effects of MCS on
activity of PO neurons (months: 12-18).

In anesthetized animals with SCI-pain we implanted reversible microdialysis probes in ZI
and recorded in vivo extracellular activity of well-isolated PO neurons (see Detailed
Methods). We infused muscimol (200 uM, selective GABAA agonist) into ZI and
assessed the responses of PO to 15 minutes of MCS. We stimulated the motor cortex at
intensity: 50 pA, frequency: 50 Hz, pulse duration: 300 us because we found these
parameters to be most effective in reducing hyperalgesia and spontaneous pain in our
animal model of SCI-pain (Davoody et al., 2011; Lucas et al., 2011).

“Bregma For each cell in PO (the location of all
-3.12mm -3.36mm -3.60 mm neurons was confirmed using post-
mortem histological analysis, Fig. 1) we

o . recorded: (1) Spontaneous activity for at

ég . %A“A% e least 5 minutes; (2) Responses to noxious

and innocuous mechanical stimulation of
vl PV the receptive field; and (3) Spontaneous
activity and evoked activity during and
immediately after MCS and until the cell

Fig. 1. Postmortem analysis of PO recording
sites. Locations of neurons were determined
and identified on corresponding drawings
obtained from the Paxinos and Watson Atlas
(2005). e: enhanced cell; o: suppressed cell;
A: no significant change. Abbreviations:

LDVL, laterodorsal thalamic nucleus,
ventrolateral part; VPM, ventral
posteromedial  nucleus; VPL, ventral

posterolateral nucleus; VM, ventromedial

nucleus.

recovered. Although we recorded
neuronal activity during MCS, we did not
include this data in our analysis because
the electrical stimulus artifact was large
and masked neuronal activity in most
instances.

For each individual neuron, the mean
firing rate was calculated every minute
before and after MCS. Changes in mean
firing rate of spontaneous activity over
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Fig. 2. A representative example of a
PO unit suppressed by 15 min of
MCS stimulation. Insets represent
waveforms of recorded units sorted
using a spike matching algorithm.
Statistic analysis performed by RM
ANOVA).
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Fig. 3. A representative example of a
PO unit exhibiting no change in
activity after 15 minutes of MCS
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time were assessed using Repeated Measures
ANOVA when the data was normally distributed
and Repeated Measures ANOVA on Ranks when
the data was not.. A p <0.05 was considered
significant.

We recorded from 47 well-isolated PO cells. In
the control group (no inactivation of ZI) 56%
(15/27) of the neurons were suppressed following
MCS (Range: 1.7%-84.7% suppressed activity;
P<0.05). In Figure 2 we show a representative
example of the effects of MCS on PO activity.
MCS suppressed spontaneous activity by 53%
after 15 minutes of stimulation (Fig. 2). As
expected, the infusion of muscimol blocked the
effects of MCS in the majority (73%) of PO
neurons studied.

Figure 3 depicts a representative example of a
PO neuron where MCS had no effect on
spontaneous activity when muscimol was
infused in ZI (mean firing rate: 11.7 + 0.8
spikes/s to 10.7 £ 0.4 spikes/s; p = 0.987; RM
ANOVA). Taken together these findings
suggest that MCS suppresses activity in PO
by activating ZI. Summary of the results are
provided in Table 1.

Task 1d was completed in the anticipated
time and the findings are consistent with our
overarching hypothesis that MCS reduces

(horizontal solid line) when the ZI hyperalgesia by activating the incerto-
was inactivated using continuous thalamic pathway.
infusion of muscimol.
Table 1. The effect of MCS on activity in Po
Experimental Paradigm Enhanced Suppressed No change
MCS 11% | (3/27) | 56% | (15/27) | 33% | (9/27)
MCS+ZI Inactivation 0% | (0/20) | 75% | (15/20) | 25% | (5/20)




Task le
To demonstrate that MCS effects on activity of PO neurons persist after electrolytic
lesions of the cortico-spinal tract (months: 18-24).

It has been suggested that MCS directly inhibits nociceptive neurons in the dorsal horn
(Lindblom and Ottosson, 1957; Andersen et al., 1962) and therefore, suppressed activity
in PO could be due to MCS inhibition of ascending nociceptive inputs from the spinal
cord rather than due to enhanced ZI activity after MCS. To allay this concern, we
performed bilateral pyramidotomy at the level of the caudal medulla (see Detailed
Methods) and recorded PO responses to 15 minutes of MCS. Cutting the pyramidal tract
did not block the effects of MCS and activity of the majority (75%) of PO neurons was
suppressed after stimulation. A representative example is shown in Figure 4 where
spontaneous activity was significantly suppressed from a mean of 2.5 = 0.2 spikes/s to
0.2 + 0.0 spikes/s after 15 minutes of MCS (p < 0.001; RM ANOVA). These findings
suggest that MCS effects are not due to direct effects of MCS on ascending spinal
afferents.

In our application, we proposed to cut the

MCS pyramidal tract using electrolytic lesions.

— However, in our initial experiment, we found

that these lesions frequently missed the

1.4ms pyramidal tract and even when they were on

p<0.001 target, they only produced incomplete cuts.

—_ Because of this, we modified our methods to

- ronensntona surgically cut the pyramidal tract (see Detailed

10 Z%img‘()mm;‘o 50 60 Methods). This produced complete cuts and
proved to be more effective.
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Fig. 4. A representative example of a We completed Task 1e within the timeline
PO unit exhibiting suppressed pr_oposed in the Statement of Work. The re_sult of
activity after 15 minutes of MCSs  this task further supports our hypothesis that
(horizontal solid line) when the MCS alleviates hyperalgesia by activating the
pyramidal tract was cut. incertothalamic pathway. We are continuing our
experiments and started working on the tasks
proposed in our third year of funding. In addition, we are currently compiling all the data
that resulted from Task 1 and plan to submit the results for publication in a peer-reviewed
journal.



Detailed Methods

Spinal cord lesion. Under aseptic conditions, and using ketamine/xylazine anesthesia
(80/10 mg/kg, i.m), a laminectomy to expose the spinal cord between C6 and T2 was
performed and the dura was removed. A metal electrode (5 um tip) was targeted to the
anterolateral quadrant in one side of the spinal cord. Current (10 pA for 40 sec) was
passed through the electrode to produce an electrolytic lesion. The muscles and skin were
sutured in layers to approximate the incision sites. The location of the spinal lesions was
assessed after the completion of the experiment in all the animals using postmortem
histological analysis.

Behavioral testing. The animals were habituated for two weeks before behavioral testing.
Mechanical and thermal hyperalgesia for animals was tested on three consecutive days
before the spinal lesion surgery, at day 3 post-surgery, at day 7 post-surgery, and at
weekly intervals thereafter as described in (Lucas et al., 2011).

In vivo recording in anesthetized animals. At least 21 days after spinal lesion surgery,
animals with confirmed SCI-pain were anesthetized with an intra-peritoneal injection of
urethane (1.5 g/kg). The bone overlying the contralateral M1 and the thalamus (in
relation to the spinal lesion site) was removed. Extracellular unit recordings were
performed using quartz-insulated tungsten electrodes (2 to 4 MQ). The electrodes were
advanced based on stereotaxic coordinates to target PO.

Motor Cortex Stimulation. The hindpaw representation within M1 was identified using
electrical microstimulation. Once the hindpaw representation is located, epidural bipolar
insulated platinum electrodes (diameter: 70um, exposed tip: 50um, distance between the
electrodes: 500um) was secured using skull screws and cemented using dental resin.
These electrodes were used for MCS.

Pharmacologic inactivation of ZI. A microdialysis probe (CMA11, Microdialysis,
Solna, Sweden) was implanted into ZI using stereotaxic coordinates (Paxinos and Watson,
2005). Muscimol (200 uM, GABAA agonist; Sigma-Aldrich, Saint Louis, MO, USA) was
infused using a pump (Genie Plus, Kent Scientific, CT, USA) at a rate of 2.5 uL / min
into ZI 10 minutes before recording from neurons in PO because we found that muscimol
infusion requires at least 5 minutes to produce behavioral effects (Lucas et al., 2011)

Pyramidotomy. The pyramidal tract was cut bilaterally at the level of the medulla
oblongata before recording from PO neurons to remove any influence of MCS on
ascending afferents in the spinal cord. In these animals, the bone covering the medullary
pyramids was removed and the dura was dissected. The pyramids were cut 1.5 mm rostral
to decussation with a #11 scalpel (Butler Schein, Albany, NY, USA) as described in
Z’Graggen et al.,(1998).

Histology. To identify recording sites, at the end of the experiments, we made
electrolytic lesions (5 pA for 10 sec), and then deeply anesthetized the rats with sodium
pentobarbital (60 mg/kg). The rats were perfused transcardially with buffered saline
followed by 4% buffered paraformaldehyde. We obtained coronal brain sections (70 pm
thick) and Nissl-stained them. The sections were examined under the microscope to
identify recording tracts, lesion sites and stimulating electrodes location.



KEY RESEARCH ACCOMPLISHMENTS

The following is a list of the key research accomplishments during the second year of
funding in this project:

» We demonstrated that inactivation of ZI blocks the effects of MCS on PO neurons
(Task 1d).

* We demonstrated that the effects of MCS on PO neurons remain when the
pyramidal tract was cut (Task 1e).

» These findings, together with findings from the first year of funding, support the
hypothesis that MCS alleviate hyperalgesia by activating the incertothalamic
pathway.



REPORTABLE OUTCOMES

1. Publications in peer reviewed Journals
o XuS,JiY, Chen X, Yang Y, Gullapalli RP, Masri R (2012) In vivo high-
resolution localized (1) H MR spectroscopy in the awake rat brain at 7 T.
Magn Reson Med. In press.
2. Book Chapters

0 Masri R, Keller A (2012) Chronic pain following spinal cord injury. In:
Regenerative biology of the spine and spinal cord (Jandial R, Chen MY,
eds), pp 74-85. Austin: Landes Biosciences.

3. Abstracts

0 Mechanisms of Pain Relief Following Motor Cortex Stimulation: An
fMRI Study. Society for Neuroscience Meeting. Washington, DC. 2012.

0 Mechanisms of Spinal Cord Injury Pain: A Longitudinal Magnetic
Resonance Spectroscopy Study. Society for Neuroscience Meeting.
Washington, DC. 2012.

0 Resting State fMRI in a Rat Model of Spinal Cord Injury Neuropathic
Pain: A Longitudinal Study. Society for Neuroscience Meeting.
Washington, DC. 2012.

0 Mediodorsal Thalamus: Response Properties In Normal and Spinal Cord
Injured Rats. Society for Neuroscience Meeting. Washington, DC. 2012.

4. Meetings

0 Attended the 2011 Society for Neuroscience Annual Meeting. Washington,

DC.
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CONCLUSION

In this report we provide evidence that MCS suppresses activity of PO neurons by
enhancing activity in the ZI in animals with SCI-pain. These findings are exciting; they
are consistent with our overarching hypothesis that MCS alleviates pain by activating the
incerto-thalamic circuit.

The findings of this study describe for the first time a novel pathway that is responsible
for the amelioration of SCI-pain. In the coming year, we will continue to investigate this
pathway to demonstrate a casual relationship between the suppression of activity in PO
and MCS effects on ZI and that these neurophysiological changes can explain the
reduction in hyperalgesia and pain after MCS.
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Magnetic Resonance in Medicine 000:000—-000 (2012)

In Vivo High-Resolution Localized "H MR Spectroscopy
in the Awake Rat Brain at 7 T

Su Xu,'? Yadong ]1,3 Xi Chen,* Yihong Yang,4 Rao P. Gullapalli,1’2 and Radi Masri®*

In vivo localized high-resolution 'H MR spectroscopy was per-
formed in multiple brain regions without the use of anesthetic
or paralytic agents in awake head-restrained rats that were
previously trained in a simulated MRI environment using a 7T
MR system. Spectra were obtained using a short echo time
single-voxel point-resolved spectroscopy technique with voxel
size ranging from 27 to 32.4 mm? in the regions of anterior
cingulate cortex, somatosensory cortex, hippocampus, and
thalamus. Quantifiable spectra, without the need for any addi-
tional postprocessing to correct for possible motion, were
reliably detected including the metabolites of interest such as
y-aminobutyric acid, glutamine, glutamate, myo-inositol,
N-acetylaspartate, taurine, glycerophosphorylcholine/phos-
phorylcholine, creatine/phosphocreatine, and N-acetylaspar-
tate/N-acetylaspartylglutamate. The spectral quality was
comparable to spectra from anesthetized animals with suffi-
cient spectral dispersion to separate metabolites such as glu-
tamine and glutamate. Results from this study suggest that
reliable information on major metabolites can be obtained
without the confounding effects of anesthesia or paralytic
agents in rodents. Magn Reson Med 000:000-000, 2012.
©2012 Wiley Periodicals, Inc.

Key words: awake; 'H localized MR spectroscopy; brain; high
resolution

INTRODUCTION

In vivo high-resolution proton magnetic resonance spec-
troscopy (*H MRS) has been used extensively to simulta-
neously measure the concentration of a large number of
neurometabolites in normal and diseased brains of
human and animals (1-9). Unlike human MRS studies
that can be readily performed in conscious participants,
in vivo animal MRS is typically performed under anes-
thesia to keep the animal from moving during data
acquisition.
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It is well documented that neuronal activity, basal cer-
ebral blood flow, hemodynamic coupling, and blood-oxy-
genation-level-dependent based signals can be altered by
anesthetics or paralytic agents (10-15). Several func-
tional magnetic resonance imaging protocols using
awake animals have been developed to circumvent these
problems in primates (16—19), rats (14,15,20-26), mice
(27), and rabbits (28).

A number of in vivo MRS studies demonstrated that
anesthesia affects cerebral metabolic profiles in rats (29—
32). These studies suggested that different anesthetics
(isoflurane, propofol, and pentobarbital) result in differ-
ent brain metabolic profiles of glutamate (29), lactate,
and glucose (29-32). To the best of our knowledge, only
one study investigated neurometabolic profiles using
high-resolution localized '"H MRS in awake non-human
primates (33). An awake MRS preparation that uses
rodents is still lacking despite the extensive use of
rodents in basic and translational neuroscience research.
The goals of this study were (a) to develop a protocol to
perform MRS experiments in awake rats and (b) to deter-
mine whether metabolic profiles in various regions of
the rat brain can be measured reliably at 7 T in awake,
head-restrained preparations using high-resolution 'H
MRS. To our knowledge, this is the first report of high-
resolution "H MRS in awake rats.

METHODS

Five female Sprague-Dawley rats (22 days old) were
obtained from Harlan Laboratories (Raleigh, NC) and
were group housed in standard cages in a 12:12 light/
dark cycle with access to food and water ad libitum. All
procedures performed on the animals were in strict ac-
cordance with the National Institutes of Health Guide for
Care and Use of Laboratory Animals and approved by
the University of Maryland Baltimore College of Dental
Surgery, Institutional Animal Care and Use Committee.

Animal Training and Acclimation

To train and acclimate the animals to the MRI environ-
ment, we used methods similar to those described in
King et al. (23), with some modifications. The animals
were acclimated and trained daily to go into a loose-fit-
ting restraining cloth and placed in a custom made plas-
tic replica of the animal bed/holder used in the scanner.
During handling and acclimation, the animals initially
were restrained for a period of 5 min. The period of
restraint was increased gradually and reached a maxi-
mum of 30 min toward the end of the training period.
During the training, the animals were exposed to tape



recordings of the sound bursts generated by gradient
switching in the magnet during MRS experiments. The
animals were trained daily until they reached adulthood
(~2 months) and by the end of the training period, the
rats learned to remain calm in the replica of the scanner
holder. After training, the animals were prepared for sur-
gery to attach a custom designed plastic head holder to
allow for further head restraint.

Holder Implantation Surgery

The animals were anesthetized with 2% isoflurane,
attached to a stereotaxic frame and placed on a thermo-
regulated heating pad. Depth of anesthesia was deter-
mined every 15 min by monitoring pinch withdrawal,
eyelid reflex, corneal reflex, respiration rate, and vibris-
sae movements. Incision sites were injected with local
anesthetic (0.5% marcaine) to further reduce the possi-
bility that animals would experience pain. A midline
incision overlying the skull extending from the inion to
lambda (10 mm) was made using a #11 scalpel blade.
The scalp was reflected laterally and six predetermined
atraumatic openings were prepared using a pin vise and
#66 drill bit (Plastic One Inc., VA). The locations of
these openings were as follows: two anterior in the fron-
tal bone, two posterior in the occipital bone, and two
bilateral in the parietal bone. Six polyetheretherketone
screws (PEEK, 1.7 x 4 mm?, NetMotion, CA) were used
to attach a custom made acrylic resin plastic head holder
(Jet Acrylic Resin, Dentsply, PA) to the skull. The acrylic
head holder was oval in shape (3-mm thick) with two
lateral extensions (15-mm long and 4-mm thick) and fit
the calvarium of the rat intimately. The lateral exten-
sions were used to restrain the animal during MRS
experiments (Fig. 1a). At the end of surgery, the skin
edges were approximated and sutured. During recovery,
the animals were placed on a thermoregulated heat pad
and observed every 15 min until they recovered com-
pletely and monitored daily thereafter. After surgery,
buprenorphine HCI (0.01-0.05 mg/kg s.c.) was adminis-
tered every 12 h for 48 h to reduce pain and discomfort.

One week after surgery, the animals were reintroduced
to the replica of the scanner holder. For a period of 7
days, the animals were trained to be restrained using the
implanted head mount by attaching the lateral exten-
sions to the scanner replica using plastic screws. The
rats cooperated and there was no difficulty positioning
them in the restrainer. No food and water were given to
the animals during the periods of restraint. However,
they were rewarded with a treat (Cheerios® and Froot
Loops®) after every restraining session.

MRS Experiment

In vivo MRS experiments were performed on a Bruker
BioSpec 70/30USR Avance III 7T horizontal bore MR
scanner (Bruker Biospin MRI GmbH, Germany) equipped
with a BGA12S gradient system capable of producing
pulse gradients of 400 mT/m in each of the three orthog-
onal axes and interfaced to a Bruker Paravision 5.1 con-
sole. A Bruker four-element 'H surface coil array was
used as the receiver and a Bruker 72 mm linear-volume

Xu et al.

FIG. 1. a: Schematic of the experimental setup. A custom made
acrylic head holder was used to restrain the rats in the MR scan-
ner. b: Mechanical withdrawal thresholds in all the animals was
assessed by using an electronic plantar aesthesiometer. Arrow
indicate the time of head holder implantation surgery and error
bars = standard error of the mean. c: The transverse MRIs
obtained using rapid acquisition with relaxation enhancement
sequence (TR/TEg; = 4500/28 ms) of the brain of awake head-
restrained rats. The 4 voxel locations for MRS experiment are
highlighted. ACC = anterior cingulate cortex, SC = somatosen-
sory cortex, HP = hippocampus (left), and Tha = thalamus (right).

coil as the transmitter. During the spectroscopy experi-
ments, the animals were placed and restrained in the
scanner bed in a manner similar to the one in which
they were trained. An MR-compatible small-animal mon-
itoring system was used to monitor animal respiration
rate continuously through the entire experiment (SA
Instruments, Inc., NY). Screen snapshot was taken
approximately every 30 min to record both the breathing
waveforms and the respiration rate. A three-slice (axial,
midsagittal, and coronal) scout using fast low angle shot
MRI was obtained to localize the rat brain (34,35). A fast
shimming procedure (FASTMAP) was used to improve
the B, homogeneity for each voxel (36). T,-weighted MR
images covering the entire brain were obtained using a
two-dimensional rapid acquisition with relaxation
enhancement sequence (37) with repetition time/effec-
tive echo time (TR/TEqs) = 4500/28 ms, echo train length
= 4, field of view = 3.5 x 3.5 cm?, matrix size = 256 x
256, slice thickness = 1 mm, and number of averages =
2 for anatomic reference. Four spectroscopy voxels repre-
senting regions of interest were selected: anterior cingu-
late cortex (3 x 3 x 3 mm®), somatosensory cortex (1.8 x
4.5 x 4.0 mm?), hippocampus (2.5 x 4.0 x 3.0 mm?),
and the thalamus (3 x 3 x 3 mm®). For "H MRS, adjust-
ments of all first- and second-order shims over the voxel
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of interest were accomplished with the FASTMAP proce-
dure. Typically, the in vivo shimming procedure
resulted in approximately 13 Hz full-width half maxi-
mum line width of the unsuppressed water peak over
the spectroscopy voxel. The point-resolved spectroscopy
pulse sequence was customized using a sinc7H pulse
with a hamming window modulation providing an exci-
tation bandwidth of 10 kHz. Two asymmetric pulses
with a bandwidth of 2823 Hz were used for refocusing
(38), which corresponds to 32% chemical shift displace-
ment error in two directions for the chemical shift range
of 3 ppm. The TE was shortened to 10 ms to alleviate
signal attenuations caused by J modulation and T, relax-
ation. The center frequencies of the above three localiza-
tion pulses were placed at 3.0 ppm to reduce the lipid
contamination caused by the chemical shift displace-
ment. This custom made point-resolved spectroscopy
sequence (TR/TE = 2500/10 ms, number of average =
356) was used for MRS data acquisition from various
regions including anterior cingulate cortex, somatosen-
sory cortex, hippocampus, and thalamus. The acquisition
time for each voxel was 15 min. In one animal, the MRS
scan was repeated using the same parameters on 2 con-
secutives days to test for reproducibility of the MRS
results.

Behavioral Assessment

Chronic restraint is stressful and the stress has been
shown to be associated with reduced mechanical with-
drawal thresholds and hyperalgesia in rodents (39,40).
Therefore, to test if our acclimation, head-restraint, and
MRS procedures produced chronic stress and hyperalge-
sia, we assessed hindpaw mechanical withdrawal thresh-
olds in all the animals. Mechanical withdrawal thresh-
olds of both hindpaws were assessed in all the animals at:
baseline (3 consecutive days before implantation of the
head holder); 1 week after the implantation of the head
holder; and immediately after each MRS scan. A dynamic
planter aesthesiometer (Ugo Basile, PA) was used to deter-
mine hindpaw mechanical withdrawal thresholds as
described by Dolan and Nolan (41). The nonparametric
Friedman test was used to assess if mechanical
withdrawal thresholds changed significantly over time.
A P value of less than 0.05 was considered significant.

Data Analysis

Quantification of the MRS was based on frequency do-
main analysis using “Linear Combination of Model spec-
tra” (LCModel) (42). In vivo spectra were analyzed by a
superposition of a set of simulated basis set provided by
the LCModel software. The reference for determining
metabolite concentration was the water signal, which
was acquired from the same voxel. The metabolic profile
was measured with the same parameters except the num-
ber of averages was set at 8. The results were normalized
by LCModel package to the metabolite concentrations
and expressed as micromoles per gram wet weight (uM).
Cramér—Rao lower bounds (CRLB) as reported from the
LCModel analysis was used for assessing the reliability
of the major metabolites. To provide an indicator of

reproducibility, the coefficient of variability (CV) was
calculated for the individual metabolites across individ-
ual animals as the ratio of the square root of the standard
deviation to the mean.

RESULTS

In three of the animals, MRS data were obtained from all
four regions. In one animal, MRS data were obtained
from three regions (somatosensory cortex, hippocampus,
and thalamus). In the fifth animal, MRS data were
obtained from anterior cingulate cortex, as this was the
first trained animal. Therefore, for the quantitative analy-
sis, four datasets (n = 4) were used in each region
although a total of five animals were used in this study.

In all animals, we assessed mechanical withdrawal
thresholds to test if chronic restraint resulted in stress
and hyperalgesia (39,40). Our training and restraining
procedures did not result in any significant change over
time in mechanical withdrawal thresholds (P = 0.31,
Friedman test; Fig. 1b).

Axial anatomic images along with the four spectro-
scopic voxel locations including the anterior cingulate
cortex, somatosensory cortex, hippocampus, and the
thalamus are shown in Fig. 1c. High-resolution localized
"H MR spectra from the 4 voxels are shown in Fig. 2. In
these spectra, a number of metabolites can be reliably
detected. N-Acetylaspartate (NAA) methyl singlet at 2.01
ppm was assigned as the reference. The line width of the
singlet "H metabolite resonances (as measured on tCr at
3.0 ppm; Fig. 2) was typically 11-15 Hz (0.037-0.050
ppm) in awake animals and was comparable to the spec-
tra from anesthetized animals (9). The concentrations of
the metabolites measured by LCModel from these 4 vox-
els are listed in Table 1. The reliability of the major
metabolites that was estimated by the LCModel using the
CRLB is also listed in Table 1. In general, the CRLB val-
ues of Glu (3-7%), Ins (5—=10%), Tau (6—8%), GPC+PCh
(4-7%), NAA+NAAG (3-5%), Cr+PCr (3-5%), and Glx
(4—8%) were not more than 10 %. For the low-concentra-
tion metabolites y-aminobutyric acid (GABA; 9-18%)
and glutamine (9-15%), the highest CRLB value was
18%. The exceptions are GABA (13-21%), glutamine
(17-27%), and Tau (15-29%) levels in the thalamus.

To test the reproducibility of MRS, we repeated the
MRS scan in one rat on 2 consecutive days. Figure 2a
shows spectra acquired on day-1 from the 4 voxels and
Fig. 2b shows spectra acquired from the same rat on day-
2. Spectra obtained from the four regions appear to be
similar at the two time points. In Table 2, we quantita-
tively analyze the spectra acquired in the somatosensory
cortex (Fig. 2). The coefficient of variation was not more
than 11% for all the metabolites considered. These find-
ings suggest that the awake animal MRS is reproducible
in the same animal. However, it is important to note that
the CV values obtained from only two experiments may
not be reliable. In addition, the breathing waveforms and
respiration rates of this rat exhibited stable breathing pat-
tern and rate (53-76 breath/min) suggesting minimal
stress on the animal during both scans.
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FIG. 2. In vivo 'H short-TE MR spectra from four brain regions of an awake rat acquired at 7 T at with a localized point-resolved spec-
troscopy sequence (TR/TE = 2500/10 ms) at day-1 (a) and day-2 (b). The spectrum was phased using zero-order phase only without
any baseline corrections. Resolution enhancement was done with Lorentzian—gaussian transformation scheme (b = —4, gb = 0.15). tCr
= total creatine, GABA = vy-aminobutyric acid, Gln = glutamine, Glu = glutamate, GIx = glutamine + glutamate, Ins = myo-inositol,
NAA = N-acetylaspartate, NAAG = N-acetylaspartylglutamate, tCho = glycerophosphocholine + phosphocholine, Tau = taurine, M1 =
macromolecule at 0.92 ppm, M2 = macromolecule at 1.21 ppm, M3 = macromolecule at 1.39 ppm, M4 = macromolecule at 1.62 ppm.
ACC = anterior cingulate cortex, SC = somatosensory cortex, HP = hippocampus, and Tha = thalamus.

DISCUSSIONS AND CONCLUSIONS

In this study, a novel head-restraining system was suc-
cessfully implemented for the first time to obtain meta-
bolic information using MRS in an awake rodents. Using
this preparation, it is possible to obtain localized "H MR
spectra in several brain regions of interest (anterior cin-
gulate cortex, somatosensory cortex, hippocampus, and
thalamus) without the need for any postprocessing
scheme to correct for possible motion during data acqui-
sition. In all four regions, most brain metabolites or the
combinations were reliably detected (CRLB < 18%),
except for some metabolites in the thalamus. Because of
the use of a surface coil, the rostral regions of the ante-
rior cingulate cortex, somatosensory cortex, and hippo-
campus exhibited high signal-to-noise ratio (~22), and
the spectra obtained were highly reliable (CRLB < 18%).
The overall signal to noise of the spectra for thalamus
was lower (~13), as this region was at the periphery of
the reception field of the four-element surface coil. In
this region, metabolites with low concentration provided
less reliable spectra (GABA, glutamine, and Tau; CRLB
= 21-29%; Table 1).

The concentrations of the metabolites quantified in
this study are within the range specified in the rat brain
(see Table 3 in Ref. 43). It is important to note however

that the GABA concentration may be overestimated in
this study because there can be a significant overlap
with the macromolecules in the GABA region of the
spectrum. In addition, the Tau concentration may be
underestimated because of its long spin-lattice relaxation
time and short TR (44).

The concentrations of metabolites appear to be differ-
ent from those reported in Xin et al. and Rao et al.
(45,46). In our study, MRS experiments were performed
in 14-week old female rats to assess metabolic profiles in
the somatosensory cortex, anterior cingulate cortex, hip-
pocampus, and the thalamus. In Xin et al. (45), the ani-
mal gender was different (adult male rats), and although
the regions of interest studied included the somatosen-
sory cortex and hippocampus, the voxel sizes used were
significantly different (somatosensory cortex: 6 x 1.5 x 2
mm?® vs. 1.8 x 4.5 x 4.0 mm® in this study; hippocam-
pus: 3 x 2 x 2 mm?® vs. 2.5 x 4.0 x 3.0 mm®] (45). In
Rao et al. (46), the age and gender of the animals (8-
week old, male) were also different. The methodological
differences between this study and the studies refer-
enced above may explain the differences in metabolites’
concentrations. It is well documented that metabolic pro-
files depend on the age and gender of the animals as
well as the region studied (46—48).
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Table 1
Quantitative Analysis of Spectra Acquired in the Four Regions of Interest
GABA Gin Glu Ins NAA Tau tCho NAA+NAAG tCr Glx
Anterior cingulate cortex
Mean (umol/g) 2.72 2.66 9.90 4.78 7.60 4.07 1.21 8.39 5.91 12.55
SE (umol/g) 0.03 0.24 0.31 0.18 0.11 0.23 0.03 0.12 0.04 0.43
CRLB (%) 9-11 9-13 3-4 5-8 3-4 5-9 4-5 3 3-4 4-5
Somatosensory cortex
Mean (umol/g) 2.21 2.31 8.47 4.42 6.91 3.33 0.93 7.79 5.37 10.78
SE (umol/g) 0.13 0.05 0.50 0.43 0.35 0.11 0.04 0.40 0.22 0.54
CRLB (%) 10-13 12-14 4 5-10 3-4 5-9 5-6 3-4 3-4 4-5
Hippocampus
Mean (umol/g) 2.21 2.29 7.75 6.07 6.27 4.35 1.12 6.85 5.65 10.04
SE (umol/g) 0.20 0.09 0.52 0.20 0.15 0.30 . 0.26 0.11 0.59
CRLB (%) 9-18 11-15 4-5 5-6 3-6 6-7 4-5 3-4 3-4 4-6
Thalamus
Mean (umol/g) 2.29 1.72 7.88 4.82 7.05 1.91 1.47 7.70 5.78 9.60
SE (umol/g) 0.13 0.10 0.30 0.32 0.32 0.09 0.11 0.36 0.37 0.26
CRLB (%) 13-21 17-27 5-7 5-10 4-6 15-29 5-7 4-5 4-5 6-8

SE = standard error of the mean; CRLB = Cramér-Rao lower bounds; tCr = total creatine; GABA = y-aminobutyric acid; GIn = gluta-
mine; Glu = glutamate; Glx = glutamine + glutamate; Ins = myo-inositol; NAA = N-acetylaspartate; NAAG = N-acetylaspartylglutamate;

tCho = glycerophosphocholine + phosphocholine; Tau = taurine.

A major concern when performing experiments in
restrained animals is the stress induced (39,40,49) and
its effect on MRS results. To minimize this concern, we
adopted similar methods to those described in King
et al. (23) and acclimated and handled the animals from
a young age before performing the experiments. We also
assessed changes in mechanical withdrawal thresholds
over time and monitored breathing during the MRS
experiments. The acclimation and training procedure
proved effective in reducing animal stress as evident
from the lack of change in mechanical withdrawal
thresholds and the stable and normal breathing rate.
Future experiments should test if awake MRS experi-
ments can be performed using shorter training paradigms
as those described in Becerra et al. (50). In addition, the
experiments should assess the state of the animal and
investigate whether stress was induced or not. Such
experiments will benefit from quantifying serum corti-
sone levels during the imaging procedures and monitor-
ing the heart rate (23,24).

MRS acquisitions require that the main magnetic field,
By, remains very stable during data acquisition. The
movement of the animal during the data acquisition can
significantly change the value of the local B, over time.
B, fluctuations can broaden the line width of the

Table 2

observed metabolites in the MR spectrum thereby losing
fidelity in resolving two closely resonating spins. In a "H
MRS study on awake non-human primates at 7 T (33),
line width changed from 15.6 Hz at the beginning of the
study to 19.5 Hz for the averaged spectrum. These
changes in the spectral line width were due to major
body movement of the awake animal during data acquisi-
tion. However, respiration and small body movement
did not show a significant spatial B, dependence and
shim effect. To correct for movement, the authors
applied a scheme that rejected periods of major body
motion and corrected frequency/phase of each of the sin-
gle acquisition of the spectra before averaging (33). Using
this correction scheme, the line width of the spectrum
was reduced to 15.8 Hz. In our experimental design, a
motion correction scheme was not performed. The shim-
ming procedure routinely resulted in line widths of 11—
15 Hz of the single "H metabolite resonance (0.037-0.050
ppm) and a good separation of peaks that resonate
closely was possible (e.g., glutamate [2.35 ppm] and glu-
tamine [2.45 ppm]). Furthermore, repeated acquisition of
the spectra over 2 different days were highly reproduci-
ble (CV <11%) suggesting that preparing the animal in
this manner leads to negligible motion and provides a
stable environment for obtaining quality MRS. However,

Analysis of Intraindividual Spectra Acquired in Somatosensory Cortex at 2 Consecutive Days

GABA Gin Glu Ins NAA Tau tCho NAA-+NAAG tCr Gix

Day-1

Concentration (umol/g) 2.39 2.23 8.43 4.61 7.23 3.65 0.97 8.04 5.26 10.66

CRLB (%) 10 12 4 5 3 5 5 3 3 4
Day-2

Concentration (umol/g) 2.80 2.57 8.91 5.78 7.13 3.45 1.12 8.21 5.49 11.48

CRLB (%) 8 10 3 5 3 6 4 3 3 4

CV (%) 8 7 3 11 1 3 7 1 2 4

CRLB = Cramér-Rao lower bounds; CV = coefficient of variability; tCr = total creatine; GABA = y-aminobutyric acid; GIn = glutamine;
Glu = glutamate; GIx = glutamine + glutamate; Ins = myo-inositol; NAA = N-acetylaspartate; NAAG = N-acetylaspartylglutamate; tCho

= glycerophosphocholine + phosphocholine; Tau = taurine.



the quality of the raw spectra acquired can be further
improved by performing additional data preprocessing
steps as those described in Pfeuffer et al. (33). Correcting
for animal movement and frequency/phase of single
acquisitions will reduce the minimum detectable differ-
ences in metabolite concentrations and increase reprodu-
cibility and therefore improve the quality of the acquired
spectra.

Rodents are used extensively in neuroscience research
to study disease processes that involve cognition and
emotion such as pain, addiction, depression, and psychi-
atric disorders. These conditions cannot be studied reli-
ably in the presence of agents that may alter conscious-
ness, cognition, and neuronal transmission. Similarly,
MRS has proven very useful in studying the pathophysi-
ologic mechanisms of a large range of neurological and
psychiatric disorders (2), and many of these studies are
not possible if the animals are not restrained to prevent
movement. An awake rodent MRS preparation as demon-
strated here allows one to study these conditions and
correlate changes in brain metabolic profiles during rest-
ing and functional states with changes in neuronal phys-
iology, chemistry, and behavior without the confounds
of anesthetic and paralytic agents.

We conclude that high-resolution and high-quality 'H
MRS can be obtained from unanesthetized rat brains at 7
T. With proper training and restraint apparatus, several
proton metabolites can be reliably measured even without
postprocessing correction schemes. The current develop-
ment offers a novel approach to study major brain metabo-
lites in awake rodents. This method circumvents the
effects of anesthesia and allows for longitudinal experi-
ments for prolonged periods of time to study progression
of disease especially in the field of chronic pain research.
It will also open the door for translational research that
bridges the gap between animal and human studies.
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